ABSTRACT: Crystallization at production scale (>10 kg) is typically a poorly understood unit operation with limited 8 application of first-principles understanding of crystallization to routine design, optimization, and control. In this study, a 9 systematic approach has been established to transfer an existing batch process enabling the implementation of a continuous approach has demonstrated the capability to provide close control of particle attributes at an industrially relevant scale.
INTRODUCTION
22 A recent review of the literature has revealed an increasing 23 number of patents and published applications demonstrating 24 the increased intensity of activities in process engineering for 25 continuous manufacturing of chemicals. 1 The benefits, often 26 declared in continuous processing, include better product yields 27 and quality; use of lower amount of solvent and other materials; 28 less extreme operating conditions; more efficient consistent 29 mixing; better control over process parameters; improved 30 safety, improved purity profiles, and ease of scale-up. 31 In a manufacturing process, downstream processing stages 32 can be a bottleneck to making a quality product in an 33 economic, safe, and profitable way, as the components and 34 processes involved are often time-consuming, inefficient, and 35 poorly understood. 75 (PAT) for real time monitoring of crystallization process is also 76 progressing well.
13−15 For a crystallization process, it is 77 important to know in real-time the stories of particle size 78 distribution, crystal form, and the solution-phase concentration 79 of active ingredient. With recent advances in technology, more 80 online analytical tools have become available for these 81 measurements. 13 Among these FBRM, particle vision measure-82 ment (PVM), Raman, ultraviolet (UV), and mid-IR spectros-83 copy are most commonly used analytical tools. These PAT help 84 in relating OBC process conditions to the crystallization 85 process and then to product attributes. 86 Lactose is a disaccharide of glucose and galactose with two 87 isomeric forms, α and β, that interconvert by mutarotation and 88 exist at equilibrium in solution. 16 When a lactose solution in 89 water is supersaturated at moderate temperatures (below 95 90°C), α lactose monohydrate (ALM) crystals will be obtained 91 since the α form is less soluble and crystallization will continue 92 so long as α-lactose in solution can be replenished fast enough 93 by mutarotation. 16 Lactose cooling crystallization in batch 94 under constant stirring from aqueous lactose solutions of 95 different concentration results in varied crystal size, shape, and 96 surface texture. 17−21 Induction times as long as 3−10 h with 97 crystallization growth times ranging from 8−20 h are required 98 to reach D90 of 85−100 μm. The yield varied from 45 to 60% 99 with the lactose concentration from 44% to 53% (w/w). 100 Further, these particles exhibited a wide particle size 101 distribution (PSD) (particle span 3−4), resulting in a relatively 102 This work sets out to develop a rational approach ( use of sonication for seed generation to control particle size 136 distribution while maintaining a good yield. calculated using a calorimetric method according to eq 1: ), d is the column diameter (m), 224 and μ is fluid viscosity (kg·m
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The axial dispersion coefficient D [eq 5; D = E/uL, where E 226 is the axial dispersion number, u is the mean axial velocity (m· 227 s −1 ), and L is the length of reactor (m)] is used to describe the 228 characteristics of mixing in continuous reactors. 36 It is a 229 measure of the degree of deviation in flow from the true plug 230 flow scenario: in theory it should be zero for truly plug flow 231 behavior. The equation governing D in a continuous system is
(5) 233 where c is dimensionless concentration, t is dimensionless time, 234 and x is dimensionless length. The dispersion model (eq 5), 235 where the reactor is seen as a continuous path, is used to study 236 RTD in oscillatory baffled flow systems. This model is applied 237 on a continuous reactor when Bodenstein number is the range 238 of 1−100. Operating conditions are summarized in MSZW (Table 2) . Abbott et al. 55 has made a comparison of 
Mixing and Flow Characterization of COBC.
The 381 aim of this study was to produce a design space of operating 382 parameters to ensure plug flow conditions are achieved in the 383 COBC during operation. The axial dispersion coefficient was 384 analyzed for different oscillatory and net flow conditions 385 (amplitude, frequency, and flow rate). These flow conditions 386 were established based on accepted ranges of Re o , St, Re n , and 387 Ψ for traditional continuous oscillatory baffled crystallizers.
7−12
388 In a continuous crystallizer, the mean residence time can be 389 used as a basis to determine Re n . When Re n is known, the 390 frequency and amplitude should be chosen such that Re o 391 satisfies the velocity ratio, in the range 2−10 (range selected 392 based on previous RTD studies in oscillatory flow crystal-393 lizers 8, 10 ). Another important factor is terminal velocity 394 calculations for particle suspension at the above-mentioned 395 flow conditions. Solid loading was reduced for lactose 396 crystallization to 33 wt % to maintain particle suspension in 397 the COBC under these design conditions. f7f8 398
Experimental RTD response is presented in Figures 7 and 8 . 399 For each value of flow rate investigated, the RTD response can 400 be seen to be dependent on both frequency and amplitude of 401 oscillation. There is an optimum range of frequency and The effect of sonication energy density and residence time on 446 produce a large number of small crystals. In this study a short 447 burst of sonication was introduced in lactose solution at a 448 supersaturation of 1.2, and then cooling crystallization was 449 performed to grow the generated nuclei from sonication as 450 explained in Figure 9 . Table 3 summarizes the sonication power 451 delivered in batch system and kinetic parameters estimated 452 using population balance model.
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When only a one-dimensional characteristic size is 454 considered, the jth moment can be defined as 456 where f n (L,t) is the crystal size distribution, t is the time, and L 457 is the characteristic crystal size. Therefore, a complete model of 458 the crystallization process can be described by considering the 459 first five moment equations and the mass balance equation 56 as Overall yield was low in all sonocrystallization experiments 490 due to low sonication energy density applied. By varying 491 residence time, a change in particle size distribution was 492 observed in batch experiments (Table 3) . It can be seen from 493 Table 3 that, with an increase in sonication power, product 494 yield was increased, and particle size was decreased as more 495 nuclei were formed. 496 In all experiments, a bimodal particle size distribution was 497 observed. Lactose has a very slow growth rate, and a large 498 surface area is required to achieve good yield in the process 499 over the residence times studied. Insufficient nuclei were 500 generated by sonication to produce high yield, as sonication 501 power was limited by the specific probe used. Therefore, the 502 degree of supersaturation increased during the crystallization f10 503 from the target of 1.2−1.4 as shown in Figure 10a . This higher 504 supersaturation may be responsible for observed secondary 505 nucleation and consequent fines in the product (Figure 10c) . 506 Attrition could be another reason for the appearance of smaller 507 particles in the product. The particle size distribution and yield 508 can be optimized by providing high power sonication energy 509 with the help of multiple probes along the length of the reactor. 510 The benefit of using multiple probes is to avoid extra heat 511 generation which could be a problem with one high power 512 ultrasound source and better control on sonication intensity. 513 Another possible way to reduce fines is to control super-514 saturation with the help of a slow quadratic cooling profile and 515 hence providing a longer residence time. , frequency of oscillation 4 Hz, 520 and amplitude of oscillation 1 mm. The scale up operation in 521 the COBC was carried out by implementing the same 522 conditions as identified from the batch OBC experiments 523 described in section 3.2. Oscillatory conditions were selected 524 based on residence time distribution study to achieve near plug 525 flow in COBC (section 3.3). Sonication was introduced at the 526 start of the second straight at a supersaturation of 1.2 to 527 generate seeds (0.15 W·g
−1
). FBRM and reactIR probes were 528 placed at the end of second straight to monitor the state of the 529 process.
530
At the start of the process, the COBC was filled with water, 531 and the required temperature profile was achieved by 532 controlling the cold and hot water flow in the jacket side of 533 the crystallizer. Once the required temperature profile was 534 achieved, the saturated feed solution was introduced in the 535 crystallizer. The system was run for three residence times, and 536 the product collected was analyzed using DSC and laser 537 diffraction for particle size. The system attained steady state 
543
The product form was confirmed as ALM by DSC, TGA, and 544 XRPD. Full data can be found in Supporting Information. 
